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I --002165
1-002165



Executive Summary
9?JUL 29 P~I2:

Liquefaction Potential of Levee Foundations:
lmpHcafio~ for ca~ophic I~ ~flure

~om~ L. Ho{~, Ro~ E. Kaycn, ~d ~o~ C. T~sley,
U.S. ~ologic~ S~ey

Kei~ L. ~u~en ~d W~i~ R. Lc~s
Willi~ LeRis & Ass~i~es

~e p~ of ~e proposed colia~rafiv¢ project is to produce a 1:24,~0 sc~e
~obabilisfic map of ~ for �~q~c-induc~ liq~fac~on of
&� Sacr~nto-S~ Io~uin ~v~ D~lm. ~is map is n~d~ to ~se~ ~ pot~fi~ for
ca~p~c f~i~� of levees ~om e~q~e-induced liquefaction of lev~ fo~fions.
Potenti~ consequences of ~despr~d levee f~l~ ~d flood~g of isl~ds
~�~-water supplies for at lc~t 20 million ~opl¢ may ~ ~mpromi~d,
¯ � ~1~ may to~ tens of ~llions of doll,s, ~d ~osys~m resto~fion p~j~ts ~y
~x~d~ profo~d c~ges in ~ion regimes ~ ~d~vat su~ly. ~,
of ~� fis~ ~o Delta levees ~d i~e~e shoed ~ peffo~ ~fo~ sig~fic~t
~ devoted to ecosystem ~sto~on p~j~s ~at ~e ~si~ ~out
~e presence of he,by seismic so~c~, s~low ~o~dwater,
Del~ sugg~ ~at m~y levees ~d o~er ~cilitics ~ s~ptible to d~¢ ~ by
liquefaction of ~d~lyiag mate~s. ~e pro~ inve~ga~on ~I] docment ~e g~r$
e~ent, ~ic~esscs, ~d cngincc~ng proxies of ~dy ~ de~si~ (~o~ most
s~ibl¢ to liquefaction) benc~ ~� levees ~t protect isl~ds
Jo~uin ~ver Delta. ~ese ~i] ~gin~ng ~m ~]1 be combined ~& updated s~ci~
geologic maps to pr~uce ~ps of liquefaction s~eplibili~. ~v lauer will ~ ~mbia~
wi~ newly prepped m~s of probabilisfic gm~d motion to ~erate pmb~iHstic
liqucfacfion potcnfi~ m~s for ~e Delta

~ pm~d p~jcct consists of~e p~s: (P~� 1) dewlop ~om exi~g ~m a
~e~mensio~ g~iogic m~�] ~t d~ic~ yo~g, ~t~fi~ly liquefiable mat~£s--~s
mapping ~11 be ~ed ~ ~de P~ 2; (P~� 2) ~nduct defiled subs~v expiontion
a~ro~ateIy 15 representative si~s in ~� Delta using ¢on� ~nc~on testing, sm~d
~vation ~ging, ~d ~o~d ~ev~ing ~ to m¢~ ~gineefing
~c~cs~s, ~d ~� later~ vxt~t of ~q~fiable ~ds; ~d (Ph~ 3) rev~ ~e Ph~e 1
g~logic m~l ~ing ~e ~� 2 field ~ ~d develop liquefa~on susc~ibili~ ~d
pmbabilisfic liquefa~ion potential maps. ~� ~opo~d project ~11 ~e a~ut 24 mon~.
D~elo~em of a ~ensio~ geologic model (P~e I) ~[l ~� a~ut 4 mon~, field
~d la~rato~ work ~h~e 2) ~11 ~e a~ut 14 monks, ~d p~tion of~� ~b~ilisfic
liquefaction potcnti~ ~p ~e 3) ~11 ~e a~m 6 mon~. All pmducm dcvclo~ d~ng
~s pw~t ~11 ~ publish~ by ~ U.S. G~logi~ S~ey
~d ~cr

~e of the fo~ objectives of the C~FED Bay-D¢l~ Progr~ is
l~d ~e ~d ~sociatcd ac~vities, wat~ supply, i~c~e, ~d ~� ecosystem ~m
ca~op~c f~l~e of Delta levees. Av~lable subs~e ~m ~ too in~mplcte ~ figo~ly
est~a~e Se ac~ risk ~m e~q~¢s. ~e ~ ~d map products ~t ~ll ~ ~du~d in
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this investigation ~1! refine the un~erstanding of risk to levees from earthquake-induced
fonnd~ion failures.

The iota1 amount requested from CALFED is $498,785. This includes $431,949 to the
USGS and $66,836 to William Le’ais & Associates. The USGS will cost share salaries of
USGS pe~onn¢l by paying 40 percent of assessed salaries, $116,775. Thus, the total project
cost is $615,560. William Lcttis & Associates will be primm’i/y responsible for Phase 1, the
USGS for Phase 2, and both parties will c.ollabora~ on Phase 3.

The U.S. Geological Survey/William Lcttis & Associates team has extensive
experience in the a~dysis of liquefaction susceptibility and p~eparation of liquefaction
potential maps in northern and southern California. The USGS team also has conctueted
numerous post-earthquake investigations of liquefaction. Team members have decades
collective experience and regularly interact and cooperate on scientific investigations. William
Leths & Associates ~ncouraged by Mr. Curt Schmut~ (California Department of
Water Resource) to submit a proposa~ to characterize the risk to Delta levees and
infrasmmture fi’om earthquake-induced foundation liquefaction.
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Project Description

a. Project Description and Approach

"I-tte purpose of the proposed project is to produce a probabilistic liquefaction potential
map for natural deposits in the Sacramento-San Joaquin River Della. Earthqua.ke-indueed
liquefaction of natural sandy soils beneath levees has been identified as a potential cause of
catas~ophic failure of levees in the Della (e.g., USACE, 1987; DWIL 1992). Liquefaction
occurs when subsurface sandy materials are shaken s~ong[y by earthquakes and become fluid
like. As a result, sands temporally lose their ability to support surface structures built on
them. Structures, such as levees, might either sink into the soil or move laterally into the
adjacent channel wbile.-ckiiag-on the fluidized materials.

This proposed project will document the engineering characteristics, locations and
geometry of naturally occurring shallow sand deposits in the Della and will assess their
susceptibility to liquefaction. After compiling and evaluating existing data, we will conduct
extensive subsurface exploration at approximately 15 carefully selected sites in the Dalla. The
exploration will combine (1) drilling and penetration tesling to directly measure engineering
properties with (2) ground penetrating radar surveys to document the lateral extent of
liquefiable materials. Once the detailed geoteclmical data ate collected and combined with
existing data, we will develop probabilistic maps that show the potential for earthquake-
induced liquefaction of natural materials. Thus, at the cancIusion of this proposed project,
resource managers, engineers, local, state and federal agencies, and other interested parties
will have the basic data needed to make sound pJanning and design deci~ion~ and to mitigate
for the effects of liquefaction of levee foundation materials. The following paragraphs
describe the three phases of our proposed approach.

Phase 1. Compile existin_~ information, develop maps and cross sections of Delta surficlal

We will compile existing surficial geologic, topographic and softs dam, subsurface
geotechnical data, and historical records of earthquake-induced liquefaction. Using these data,
we will develop Quaternary (approximately the last 2 million years) geologic maps and cross
sections. Our mapping will consist of (1) interpretation of existing geologic and soils maps,
(2) inspection of topographic maps, aerial photography, and early maps of the Delta, (3)
geotechnical borings that show the engineering geologic properties of subsurface materials,
(4) consrmaion of iocal Quaternary stratigrephie celnams, with age estimates and correlation
charts, and (5) recormalssance-level field investigations. Of greatest use to us will be existing
geologic mapping of the Delta (e.g. Atwater, 1982; Helley and Graymer, 1996; Knudsen and
Lettis, 1997). These studies, will provide a preliminary stratigraphie framework for Della
Quaternary geology. Using existing geotechinual data, we will develop cross sections and
formulate geologic models to be used in predicting both depths to and thicknesses of
potentially liquefiable deposits. Units of greatest relevance to liquefaction hazard assessments
are typically sandy Holocene (younger than 11,000 years old) deposits.

Much of the Delta is covered by peat. Therefore, a critical consideration is the
distribution of sand layers beneath and within the surface peat. Liquefaction of sands down to

4
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about 50 feet can cause significant surface effects. Thus, the potantial distribution of sands
buried beneath the mat will be addressed before any subsurface investigation is initiated. In
the Delta, Atwater (1982) has shown that alluvial fans, sand dunes, abandoned distributary
river channels, and flood plains are the primary geologic environments responsible for buried
sand layers in the Delta. Our Phase 1 investigation will use existing geotechnical data to
characterize both the depth to sand horizons and the abundance of sand layers within peat
deposits. These results and the updated maps developed during Phase 1 will be used to guide
the detailed field investigations in Phase 2. Selection of approximately 15 sites for detailed
investigation in Phase 2 is a critical aspect of Phase 1.

Phase 1 will follow the approach of several recent and ongo’mg projects funded by the
National Earthquake Hazards Reduction Program (NEHRP), in which we have mapped
earthquake-induced liq~ffag4on susceptibility and-or Quaternary geology hi northern and
southern California. Our maps (e.g., Lettis, 1982; Tinsley and others, 1985; and Tinsley and
Dupr~, 1992) arc used by state and local agencies to identify areas of hazards, plan additional
studies, and guide policy decisions. William Lettis & Associates staff presently are developing
Quaternary geologic maps and liquefaction susceptibility maps of parts of the Delta under
separate funding arrangements with the NEHRP. Thus, the costs of eonducting Phase I will
be shared by these separate research grants.

Phase 2. Field and laborato~ investigations

To evaluate the liquafactiun susceptibility of geologic map units, and the variability
witl’dn map units, we propose a de~led field investigation. Phase 2 will involve
characterization of subsurface deposits by both drilling and ground peneUating radar. We
propose to acquire appraximately 150 cone penetration tesls (CPT), disuSbuted approximately
equally among 15 representative sites. The sites will be selected based on our evaluation of
geologic conditions performed during Phase 1 and criticality of the site for assessing levee
stability. CPT soundings, which involve measuring the resistance of a 10-¢m2 probe as it is
pushed through the soil, provide a continuous log of the mechanical properties of subsurface
materials. CPT soundings are extremely sensitive to variations in soil text-are (grain size and
distribution). CPT exploration will be used to estimate directly the liquefaction susceptibility
of sandy materials and to document the thickness of liquafiable materials at each site
(Robertsan and Campunalla, 1985). Correlations between adjacent soundings will provide
information on the lateral eominuity of sand beds. One significant uncer’~alnty in analysts of
this type is the dynamic response of peats. Some research suggests that peat soil are highly
nonlinear (Seed and Idriss, 1970). Thus, the position of the liquefmble sand layers relative to
the peat layers is important to ch~.racterizing the levels of shaking the sand horizons will
experience. For example, if the sands are located under the peat, the dynamic response of the
peat is irrelevant to ground motion considerations for liquefaction. However, if the peat has
sand horizons within or above it, the response of the peat is important and will need to be
accounted for in Phase 3.

CPT exploration will be augmented with 2 drill holes at each of the 15 sites. The
drilled holes will include standard penel~’ation tests (SPT) in sandy horizons to confirm the
soil texture interpretations inferred frora the CPT. The SPT, wl’fich is a standardized soil
testing and sampling technique, is also the "industry" standard for evaluating liquefaction
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susceptibility of sandy materials (Seed and others, 1985). Thus, it provides an mdependeut
check on the estimates of liquefaction susceptibility inferred front the CPT data. We also will
obtain undisturbed soil samples with Shelby tubes and log them with a gamma ray whole-core
section logger. This logging technique measures the void ratio of samples, which is useful for
evaluating their potential for flow failure during liquefaction.

We also will conduct field measurements of soil strength. In situ shear strengths of the
natural soils--peat, sand, silt, and clay--will be measured in the drilled holes to a depth of
about 20 feet with a field shear vane. Laboratory vane shear measurements will be made in
Shelby tube samples. Measurements will incinde both peak and residual sl~engths. These
measurements provide an estimate of the dynamic strength of these soils under earthquake
loading because the rate of loading with the vane shear is similar to earthquake loading.
Residual strengths also.~rea,~ful for assessing the potential for flow failure after initial
liquefaction.

To economically and rapidly assess the lateral extent and thickness of potentially
liquefiable deposits, we will use grouod-peneh’ating radar (GPR) technology 1o image
subsurface materials. G-PR is a relatively new technology that employs radio waves to
non-destructively probe the shallow structu~ of the Earth in a manner analogous to seismic
reflection profiling. For delia deposits, where bioganic methane is likely to occur, GPR is
capable of intaging deep reflectors where conventional seismic-reflection profiling techniques
would fall due to the presence of gas. Our present experience surveying delta deposits in
Puget Sound, WA, indicates that with GPR we can penetrate to approximately 60 fl in sandy
and fine-grained, water-~tmated sediment with vertical resolution of about :1:3 ft. We will
acquire digital GPR profiles beth along and orthogonal to the alignment of CPT and SPT sites
taken at study sites in the Delia. The intern of this work will ba to develop detailed Intra-site
stratigraphy" where subsurface probing with in situ penetration equipment has given point
location ’ground-truth’ data on soil properties. GPR also will be utilized to further characterize
the thickness and lateral extent of potentially liquefiable layers. Imagery will be collected at
sites of historic liquefaction to resolve vetoing structures and discontinuities that occur during
sand-blow expulsion of fluid, fissuring, and lateral spreading of the ground. We will use
measurements of the unit tkickness amt lateral extent at these locations to model the local
liquefaction potential at ore" 15 sites. These data, in ¢ontbinadon with our Quaternary geologic
maps and cross se~ions, will then be used in a statistical model for assessing the r~gional
probability of liquefaction occurrence in the de[ha.

Contpletion of Phase 2 will be primmily the responsibility of the USGS team
members. Phas� 2 will follow the approach of several recent and ongoing USGS NEHRP
projects, in which extensive subsurface exploration programs were conducted that involved
hundreds of exploratory borings and soundings. These programs were conducte~l to explore
sites of ground failure in young geologic deposits caused by the 1989 Loma Prieia and 1994
Northiidge ~al~daquake s.

Phase 3. Develop liquefaction susceptibility and nrobabiiisfic liouefaction _ootentia~ roans

The final step in the proposed investigation is the preparation of 1:24,000 scale
probabilistic liquefaction potential maps for natural deposits in the Delia. The Quaternary
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geologic mapping used to plan the site inv~tigations will be reexamined and modified in
view of the subsurface exploration program. These maps, with results of the dt~ailed field
investigation incorporated, will be the basis on which we will develop liquefaction
susceptibility and potential maps. The CPT and SPT testing results will be used to compute
the liquefaction susceptibility of individual geologic units. The Quaternary geologic maps svill
then be transformed into liquefaction susceptibility maps. Next, we will develop probabilistic
liquefaction potential maps by combining the liquefaction sumaptibility maps with
probabilistic ground motiou maps. If the proposed USGS investigation "Strong ground motion
maps for evaluation of potential catastrophic levee collapse from strong earthquakes" is
funded by CALFED, we will use and modify their probabilistic ground motions by weighing
peak accelerations tda magnitudo 7.5 earthquake (ldriss, 1985). This modification is
necessary is to take into account the effect of earthquake magnitude on estimated liquefaction
r~sistance. If the new ~Gffx’stimates of ground motions are not available, we will use
published probabilistic ground motions (Frankel and others, 1996). We anticipate producing
several probabilistic liquefactiun maps that would be based on diffm~nt sets of assumptions
about the dynamic response of peat. Since these maps will be produced using a geographic
information system, the multiple calculations are not significant.

Both the USGS and WLA have extensive experience with the production of
liquefaction maps and will cooperatively develop the liquefaction maps. WLA will be
prima.ally responsible for producing Quaternary geologic maps. USGS and WLA will
collaborate on the liquefaction susceptibility maps. USGS team members will be primarily
responsible for the probabilistic liquefaction potential maps. All products will be peer
reviewed by scientists within the USGS.

b. Location

We will produce maps of, and perform field investigations in the Delta bas’m in Contra
Costa, Sacramento, San Joaquin, Solano, and Yolo counties.

c. Expected Benefits

Improve quantification of the risk to land use and assoeia~d activities, water supply,
and infraslructure, and the ecosystem from catastrophic, ~uake-induced failure of
foundations of Delta levees. Products developed during this project will be useful in designing
ecosystem restoration projects and in guiding the long-term Delta planning and alternatives
analysis process.

d. Background and TachnJcai Justification

Earthquake-induced liquefaction of natural sandy soils beneath levees has been
identified as a potential cause of catastrophic failure of levees in the Delta in several, studies
including the 1992 phase [ investigation by the California Department of Water Resources
(DWR, I992) and the 1987 investigation by the U.S. Army Corps of Engineers (USACE,
1987). Because the Delta is subject to strong ground motion from both distant and local
earthquake sources, the possibility of multiple simultaneous catastrophic failures of levees and
multiple island flooding is a serious concern that needs to be r~solved. The ement of the
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liquefaction hazard is poorly known. A pre|iminary assessment of the liquefaction hazard in
the Delta by the California Department of Water Resources, which relied on incomplete
exist~ing information, concluded that subsurface information was not adequate to evaluate the
bazan:L By contrast, (Volpe and others, 1992) conducted a probaFdistic liquefaction hazard
assessment at 18 sites along the route of the Mokelunme Aqueduct in the Delta. They
concluded that 9 of the sites had a 50 percent probability of liquefaction in the next 30 years.

e. Proposed Scope of Work

The work will be conducted in three phases. Phasc 1 will be a detailed review of
existing investigations, and integration of existing data into a geologic framework and s~ries
of maps and cross sections of the Delta, which will be used to select approximately 15 sites
for concan~ated invesf~ti~’fiTPhase 2 will consist of detailed subsurface investigations at the
15 selected sites. Phase 3 will consist of osing the geotschnical data from Phase 2 to calibrate
end, where appropriate, to modify the geological framework and maps from Phase 1, and to
generate a probebilistic liquefaction potential map for the Delta basin.

£ Monitoring and Data Evaluation

Data coliectad and produced in rids investigation will consist of descriptions of the
physical properties and distribution of subsurface materials susceptible to earthquake-induced
liquefimtion. Dam will be archived in Techbase~, a geoteohnical database program, which is
compatible with Arclnfo@, a geographic in.formation system. Data will be published in
peer-reviewed open-file reports by the USGS and witl be available in both digita~ and paper
formats. Liquefaction potential maps will be published as USGS I series maps and will be
digitally available as Arcinfo® files.

g. Implementability

Once sites for soundings end borings are selected, permission from individual land
owners will be requested before any field work is conducted. All holes will be back:filled with
grout upon completion.

Mr. Cart Schmutte of the California Department of Water Resources encouraged us to
submit this proposal.
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Costs and Schedule to Implement Proposed Project

a. Budget costs

The amount requested from CALFED is $498,785. The total proposed project cost is
$615,560 of which $116,775 will be cost shared by the USGS. Table 1 stmunafizes the
proposed costs and costs sllafing~

Table I. Project costs and USGS cost sharing

USGS costs $548,724

L~s ~"-A-ssoeiatas costs $66,836

Subtotal $615,560

USGS cost sharing ($116,775)

CALFED proposed request $4911,7~5

USGS cost sharing consists of 40 percent of USGS assessed salary. Production of a
liquefaction potentla] map for the Delta is consistent with the mandate to the Federally funded
National Earthquake Hazards Reduction Program (NEHRP) to reduce the impact of
earthquakes on society. CALFED funding is required because NEHRP currently emphasizes
urban areas and it is unlikely that the proposed mapping project would be funded through
NEHRP funding. Incremental funding by CALFED for each phase is possible because the
phases will be conducted sequentially. As a Federal agency, all procurement and conh-acting
at the USGS will follow appropriate Federal regulations.
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Budget Summary

Agency/Company Total ~ost

Phase 1 USG$ $43,945
Lettis & Associates $41,164

Phase 2 USGS $342,031
Lettis & Asso¢iat~ $5,284

Phase 3 USGS $162,748
L~’tls.~A~o~iate~ $20,388

Subtotal $615,560

USGS cost sharing ($116,775)

CalFed cost $498,785

I --0021 76
1-002176



Proposed Budget; Liquefaction Polentlal o1 Levee Foundations

Labor Material and Mmcellaneous and
Projecl Direcl Labor Direct Salary Overhead, G&~ Service Acquisition other Direct
Pha~ Personnel Hours and Benelits & Fee Contracts Contracts Costs Total Costs

Phase 1 K. Knodsen 240 $7,435
W. Lettis 64 $4,483
Stall Geologist 200 $4,850
Cle~cal 0 $ 0
Drailsperson 40

$17,900 $20,299 $0 $0 $2,965 (^} $41,164

Phase 2 K. Knudsen 40 $1,239
W. Lsttis 1 6 $1,121
St~.ff Geologist 0 $0
Cle~cal 0 $0
Draftsperson 0

$2,360 $2,876 $0 $0 $248 (B) $5,284

Phase 3 K. Knudsen 120 $3,718
W. Lettis 40 $2,802
Staff Geologist 40 $970
Ciorical 24 $582
Draftsperson 40

$9,203 $10,436 $0 $0 $748 (c) $20,388

I TOTAL $66,835.47
(A) Mileage (2000 mi), large format gmphlcs and scanning, maps. software (AmView 3.0 mapping module)
(B) Mlteage (800 ml)
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US Geological Survey Itemized Expenses for CALFED Delta liquefaction investigation

Phas~ !

$4,030 Per diem, J Tinsley, 31 days at $130/day, reconn, flagging, permitting
$1 300 Per diem, M. Bennett~ 10 days at $13 Otday, reconn, flagging, permitting
$5,330 Subtotal

Phase 2

-- $1,040 Per diem, R. Kayeno 8 days at $130/day, field work with rada~

I $1,040 Per diem, W. Barnhardt, 8 days at $130/day, field work with rada~
o $80,000 Service contracts, CPT, includes sounding, grouting, and travel
~ $1,140 Material and acquisition conWacts, SPT, shelby tubes, 120 at $9.50
~ $4,500 Miscellaneous and other direct cnst~, SPT, drill rig ma/ntance, gas, oil, grout
~ $ I 1,700 Per diem, SPT, 3 people, 30 days at $130/day, drilling/sampling
.~ $17 500 Service contacts, GPR, 15 days at $1,100/day, and computer hard drive

~ $116,920 Subtotal

Phase 3

$52,500 MisceJlaneous and other dh’ect costs, 21 -1:24,000 maps at $2,500/each
~00 Miscellaneou~ and other direct costs, miscellaneous computer/programs

$57,500 Subtotal



b. Schedv~e Milestones

The project is anticipated to take approximately two years. Phase I, synthesis of
existing inforcaatiun and planning, will take about 4 months. Phase 2, field operations,
laboratory analyses, data processing will take aboul 14 months. Phase 3, charactedzatinn of
liquefaction snsce’ptibility of geologic units and production of the probabilistic liquei~tion
po~ntial map will take about 6 months.

c. Third Party Impacts

There are no known or anticipated third party impacts that would result from
implementation of this project.

Applicam Qualificatinns

Dr. Thomas L. Ho/zer is a Research Engineering Geologist with the USGS Western
Earthquake Hazards Team and is a Ce~fied Engineering Geologist in the State of California.
He conducted extensive geoteehnical investigations of liquefiable deposits in the San
Francisco and Monterey Bay regions following the 1989 Loma Prieta earthquake and in
Southern California following the 1994 Northridge earthquake. Dr. Holzer has conducted
numerous case histories of liquefaction including the ~n’~st instrumented measurements of
liquefaction of natural deposits. He received his doctoral degree from Stanford University. Dr.
Holzer will be responsible for project managemem, and will provide technical oversight for
all investigations conducted by the USGS team members. He also will oversee development
of the probabilistic liquefaction potential map.

Dr. Robert E. Kayen is n Research Civil Engineer with the USGS Wnstem Coastal and
Marine Geology Team and is a registered Professional Civil Engineer in the State of
Ca/ifomia. He has conduct~i integrated sedimentological, geophysical, and geotealmical
investigations in the San Francisco Bay region including studies of the effects of the Loma
Prieta earthquake on the liquefaction potential of coastal soil dapnsits, Kayen has developed a
new methodology for assessing liquefaction potential of soil deposits based of the Arias
intensity of strong ground motion. He received his doctoral degree from the University of
California at Berkeley. Dr. Kayen will be responsible for the GPR investigation.

Dr. John C. Tinsley, III, is a Research Quaternary Geologist with the USGS Western
Earthquake Hazards Team. He has broad experience in mapping Quaternm’y geologic traits
and has prepared liquefaction potential maps for several areas in both southern and northern
California. He has also been intimately involved in e~ensive subsurface investigations of
Quaternary deposits that liquefied and failed during the 1989 Loma Priers and 1994
Northridge earthquakes. He received his doctoral degree from Stanford University. Dr. Tinsley
will be responsible for design of the field exploration program and the liquefaction
susceptibility characterization of the geologic units.

Mr, Keith L. Knudsen is a Project Geologist with William Lettis & Associates of
Walnut Creek, California. He is a Certified Engineering Geologist in the State of California
and has more than 6 years of professions! experience conducting geologic and geomorphic
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studies. Mr~ Knudsen is currently fanded by the h~atinnal Earthquako Hazard Reduction
Program, together with the Association of Bay Area Governmants, to develop a liquefaction
susceptibility map of the nine-county San Francisco Bay area for publication on the World
Wide Web. He received his masters degree from Humboldr State University. Mr. Knudsnn
will b¢ responsible for project management of the William Lettis & Associates’ contribution
to the project.

Dr. William R. Lettls is President and Principal Geologist with William LoUis &
Associates. He is a C~rtified Engineering Geologist in the State of California and has over 18
years of professional expetience conducting earthquake-related st~dres. Dr. Lettls currently is
a Director for CONCERT, the Coordinating Organization for Northern California Earthquake
Research and Technology, and recently serve~i on the California Division of Mines and
Geology’s subcommit~,on.4~ofactlon hazards. He received his doctoral degree from the
University of California at Berkeley. Dr. LeRis will be responsible for ensuring
accomplishment of technical objectives and tealmical oversig~at of the William Lettis &
Associates’ contribution to the project.
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an earth-science perspective: U,S. Geological Survey Professional Paper 1360, p.
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Great Valley of California, Pacific Section AAPG Fieldtrip Guidebook, 16 pp.
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